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Abstract 
Effect of Non-Equidiffusivity on Premixed Flame Propagation in Obstructed Channels 
Gbolahan Idowu 
Continuous fire safety hazards stimulate in-depth learning and understanding of what causes an 
initially slow premixed flame (deflagration) front to accelerate and eventually detonate. Such 
flame acceleration (FA), presumably followed by a deflagration-to-detonation transition (DDT), 
are intriguing phenomena that have both fundamental interests and practical relevance. On one 
hand, it is the desire to prevent FA and DDT to avoid or, at least, mitigate unwanted explosions 
or fires. On the other hand, FA and DDT can be utilized, constructively, in the novel energy-
efficient technologies such as micro-combustors, rotation-detonation engines or pulse-detonation 
engines. A flame accelerates in tubes or channels, with acceleration being most intensive in 
obstructed pipes. The latter fact has been known for a while, but this acceleration was typically 
devoted to turbulence or shocks. In contrast, the Bychkov scenario of FA in channels, equipped 
with a tooth-brush-like array of tightly-packed obstacles, is shockless and conceptually laminar, 
with turbulence playing only a supplementary role. In spite of the laminar nature, this FA is 
extremely strong and leads to DDT. 
The geometry of the Bychkov mechanism is the following: one end of an obstructed channel is 
closed, while the other end is open or vented; a flame embryo is ignited at the closed end, and 
then it accelerates towards the open one. This mechanism has been identified and quantified 
analytically and substantiated by the comprehensive computational simulations. However, the 
Bychkov theory and modeling employed various simplifications, including that of equidiffusive 
combustion, which means that the Lewis number, Le (the thermal-to-mass diffusivities ratio) is 
unity. While the latter is a conventional approach in combustion science, flames are usually non-
equidiffusive in the practical reality, with Le belonging to the key parameters controlling the 
flame dynamics and morphology. Consequently, there has been a critical need to scrutinize the 
impact of the Lewis number in obstructed channels, which is addressed in the present thesis. 
Specifically, acceleration of non-equidiffusive flames in obstructed channels is investigated by 
means of computational simulations of the reacting flow equations with fully-compressible 
hydrodynamics and Arrhenius chemical kinetics. A detailed parametric study is performed for 
the Lewis numbers in the range 0.2 ≤ Le ≤ 2.0, blockage ratios (BR) being 1/3~2/3, the spacing 
between the obstacles z/R = 1/4~1/2, and the channel width 48 ≤ D/Lf ≤ 96, where Lf is the 
thermal flame thickness. It is shown that Le > 1 flames accelerate slower than equidiffusive ones, 
due to flame thickening. In contrast, Le < 1 flames acquire stronger distortion, associated with 
the diffusional-thermal combustion instability, and thereby accelerate much faster than at Le = 1.    
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Chapter 1: Introduction 
1.1. Combustion Theory Fundamentals  
Combustion is a process of mass and energy conversion through which chemical bond energy is 
transformed into thermal energy. A fuel source and oxidizer are essential for this reaction to 
occur. With several other energy sources available, it is remarkable that combustibles still play a 
key role in human operations. Fossil fuels provide a significant percentage (up to 85%) of the US 
energy needs (manufacturing, heating, cooking etc.) [1]. It also plays a vital role in meeting 
societal transportation and aviation demands.  
There exist two major regimes of combustion, namely, premixed and non-premixed 
(diffusion) combustion. Premixed combustion: here, the fuel is already mixed with the oxidizer 
before the reaction starts. Spark-ignition (SI) engines are the most common application of 
premixed combustion. Diffusion combustion: here, the fuel and oxidizer are initially separated 
and do not mix until the combustion process starts; Diesel engines, also known as compression 
ignition (CI) engines, operate in diffusion combustion mode during NOx formation (although 
soot formation is associated with premixed combustion mode). 
Premixed combustion can be further classified into two regimes, namely: deflagration and 
detonation [1]. Deflagration, also known as flame, is a regime in which the reaction propagates 
due to thermal conduction. It is characterized by slow subsonic flow, with speeds ~ 1 𝑚 𝑠⁄  , i.e. 
the Mach number 𝑀 ≪ 1. In the case of detonation, the reaction propagates due to shock waves. 
Consequently, it goes with supersonic flow speeds, i.e. > 300 𝑚 𝑠⁄   and  𝑀 > 1. 
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Figure 1.1- Schematic of the structure of a premixed flame front [1] 
The primary focus of this thesis is devoted to premixed flames, and Figure 1.1.1 shows the 
distinctive regions for such a combustion wave. When a flame is ignited, it goes away from the 
source and travels to consume more fuel-oxidizer mixture. The heat, released in the reaction, is 
transferred to the cooler mixture by heat conduction. The reaction occurs in the reaction zone and 
the by-products are retained behind the flame front as burnt matter. Figure 1.2 below shows the 
temperature and density profiles inside a flame front. As the flame moves from the right to the 
left towards the fuel-air mixture, the temperature ahead of the flame diminishes while the density 
increases due to thermal expansion. The shaded red region indicates a so-called “active reaction 
zone”, where the temperature is close to the burnt matter temperature and thereby where the 
reaction rate is the highest and, therefore, where the reaction actually occurs.   
 
Figure 1.2- Schematic of the temperature and density profile inside a premixed flame front [1] 
It is noted that a flame may spontaneously accelerate and subsequently trigger detonation. This 
phenomenon is known as the deflagration-to-detonation transition (DDT). It is encountered in 
nature and technology and may constitute a conceptual hazard. Various DDT applications are 
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illustrated in Figure 1.3. Accidental explosions in power plants and rockets as well as disasters in 
coalmines are just several examples of severe hazards associated with uncontrolled DDT. 
However, DDT could also be constructively utilized because the energy released from this 
process is valuable if effectively handled. This has piqued the interest of several remarkable 
designs such as pulse-detonation engine (PDE) technologies.  
   
Figure 1.3- DDT applications: (a) Thermonuclear supernovae (b) Plant disaster (c) Pulse-detonation engine [1] 
1.2. Literature Review 
Studies on flame acceleration (FA) and DDT have served among the primary concerns of the fire 
safety industry. Over the years, several explosion catastrophes have been attributed to DDT, 
paving the way for more aggressive research in this area. More recently, in April 2010, a coal 
mine disaster claimed the lives of 29 miners, due to a coal dust explosion (Upper Big Branch in 
WV). The primary cause was the ignition of methane, the major constituent in coalmines, which 
is a gas that can easily trigger explosions [2]. Indeed, accidental explosions are difficult to 
handle, however, the energy released from such explosions can be harnessed for specific engines, 
i.e. PDEs. Prior research has been conducted to analyze the factors that cause flames to 
accelerate in a smooth channel. The first fundamental mode of FA in channels is the so-called 
finger flame acceleration. The thermal  and mechanistic boundary conditions employed in this 
model are slip and adiabatic walls [3]. Upon ignition, the flame acquires a hemispherical shape. 
Then it becomes non-uniform. It accelerates mainly axially, leading to a finger shape. The 
drawback to this model is that it is limited in time and acceleration stops when the flame skirt 
touches the wall of the channel. Figure 1.4 shows a schematic and temperature snapshots of this 
acceleration mechanism. The growth of the flame surface area can be seen in the snapshots I-IV. 
The flame still takes on its finger flame shape in V, when the flame skirt touches the wall, but 
thereafter acceleration is terminated.  
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The Shelkin mechanism expanded on this prior model of acceleration by introducing the 
effect of wall friction i.e. non-slip boundary conditions. This leads to a more sustained mode of 
FA that is not limited in time and can invariably lead to detonation [3]. Figure 1.5 below shows 
temperature snapshots of the Shelkin mechanism of FA. It is evident how the flame front 
accelerates due to wall friction as it does so almost during the entire propagation through the 
channel. 
 
Figure 1.4 - Finger flame acceleration mechanism (a) illustration (b) computational snapshots[3] 
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Figure 1.5 -(a) Wall friction mechanism schematic and (b) computational simulation [1] 
These pioneering research results led to other substantial findings in the quest to fully identify 
the factors that influence FA in channels and tubes. Among them include, the work of Silvestrini 
et al [4] which aimed at comparing FA in a smooth tube to FA in a tube filled with obstacles and 
determine the run-up distance: the length of a channel needed for a flame to effectively transform 
to a detonation wave. It was identified that factors such as the nature and composition of the fuel 
mixture as well as the channel geometry, greatly impacted the mode of acceleration. It was 
believed that the presence of obstacles created a turbulent disturbance of the flame, increasing 
the burning rate thereby leading to rapid acceleration [4]. 
Ciccarelli et al [5] went further by investigating the effect of obstacle size and spacing on 
the initial stage of FA in a rough tube. It was established that higher blockage ratios improved 
the occurrence of detonation, by causing an increase in the flame surface area in the early stages 
of acceleration. In contrast, later stages of acceleration are influenced by combustion instabilities 
[5]. Johansen et al [6] also employed a similar approach analyzing the impact of the obstacles’ 
blockage area and the conclusions of Ref. [6] agreed with the previous works. 
Although several studies of FA in channels with obstacles attribute this acceleration to 
turbulence [4,5], Bychkov et al [7] have identified a laminar, shockless mechanism of ultrafast 
FA in semi-open obstructed channels (one end of a channel is open while the other is closed such 
that the flame is ignited at the closed end and moves to the open one). This acceleration is driven 
by a jet-flow generated when a flame propagates through a “tooth-brush”-like array of obstacles. 
The latter constitutes the focus of the present thesis and will be explained in detail in Chapter 2.       
While semi-open channels have proven to be a primary focus for several studies of ultrafast 
FA [7-9], channels with both open ends have also been studied. In particular, the experimental 
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measurement and computational simulations by Yanez et al [10] attributed sudden acceleration of 
flames in open channels to hydraulic resistance. It was identified that channels with both ends 
open exhibit a phenomenon quite different from the classical DDT scenarios. Namely, a flame 
does not accelerate right after the ignition; in contrast, it experiences a delay prior to sudden 
acceleration, presumably, followed by DDT. The computational study of Middha & Hansen [11] 
obtained the same delay prior to sudden acceleration. It was suggested that the interaction of the 
expanded gas with the obstructed walls of the channel obstacle creates a turbulent feedback, 
which promotes the flame speed rapidly [11]. A similar result has been recently identified in the 
analytical study of FA in a vented obstructed channel by Bychkov et al [12]. The acceleration 
characteristics in channels with both ends open were found to be considerably weaker as 
compared to that in semi-open channels. The reason for this reduced acceleration is a distribution 
of the flame-generated gas volume between the flows directed towards both ends of the pipe. 
Viscous forces were also attributed to moderation of FA before the onset of strong acceleration. 
Heidari et al [13] went ahead to study computationally, the DDT phenomena for a 
hydrogen-air mixture. The latter was chosen because, although being generally very explosive, 
hydrogen is nevertheless proven to be one of the safest gases, considering its low ignition 
energy. It was noticed that hot spots were created in the unburnt gases due to pressure 
oscillations inside the flame front, which invariably accelerate the flame and could trigger 
detonation. Hence, the occurrence of DDT is due to preheating of the unburnt gases ahead of the 
flame and the subsequent interaction with the flame causes the releases of a strong shock wave 
[13]. Similarly, Kessler et al [2] undertook a numerical approach to study FA in channels but for 
a different premixture: a methane-air mixture. Considering that methane is typically found in a 
mining atmosphere, this research provided great insight in the protection of personnel, equipment 
and operations from mine explosions. The followed stages of FA have been distinguished: 
 Flame stretching and folding; 
 Flame-front wrinkling (believed to be caused by turbulence) and fluid dynamic instabilities; 
 Increase in flame surface area caused by the shock-flame interaction. 
It was identified that when the velocity of the burnt matter approaches the speed of sound, the 
shock-flame interactions begin impacting the DDT scenario. The appearance of hot spots behind 
a shock wave were also attributed to detonation triggering as postulated by Heidari et al [13].  
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1.3. Motivation 
The importance of combustion studies cannot be overemphasized as energy demands have 
increased across the years. Our society has always depended on energy sources to survive, 
making it the backbone of civilization. Early civilization used fire for protection during severe 
cold weather conditions, to ward of predators and to cook. Nowadays, our improved 
understanding of energy has allowed applications to more sophisticated processes such as 
automobile transportation and industrial heating. With advancement in technology, our society is 
on a quest to find new and improved ways to harness and generate energy from 
alternative/renewable resources such as wind, solar, geothermal. However, among the limitations 
preventing these kinds of energy sources to be used widely, we should mention in passing 
associated huge costs and ineffectiveness regarding energy density. Clearly, the fossil fuel 
energy is not taking a backseat to renewable resources anytime soon as 85% of all energy we use 
today comes from combustibles [1]. This sheds the light on the importance of combustion 
research and the need for the development of next-generation cleaner combustion technologies.  
As identified already, two regimes exist for premixed combustion, namely, the deflagration 
and detonation. Most standard automobiles operate in the deflagration regime but the energy 
released during the detonation regime is far superior to that of deflagration. Hence, sophisticated 
engines such as PDEs operating in the detonation regime can revolutionize our industry needs. 
Also, understanding of what causes a flame to trigger detonation plays a key role in future 
prevention of catastrophes in mines and plants. Ideally, the first approach to the mining safety is 
the complete prevention of an explosion. However, if this is out of control, then understanding of 
the processes (in order to mitigate the effects of this explosion) is the key factor in saving lives.  
The present thesis extends the Bychkov mechanism [7] (focused primarily on equidiffusive 
flames) to understand the effect of non-equidiffusivity (i.e. non-unity Lewis number, Le, which 
is the thermal-to-mass diffusivity ratio) on FA and whether this factor has an impact on all the 
previously identified flame acceleration mechanisms.  
 1.4. Gap in Knowledge 
It is already well known in the field of combustion that flame acceleration is extremely strong in 
a tooth-brush-like obstructed channel. However, most of the prior research done in this area was 
for equidiffusive flames. Similarly, even there were experimental and computational studies on 
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the impact of the Lewis number on flame propagation pipes, again, the results were limited, and 
the application were for an unobstructed geometry. Hence, prior to beginning work on this topic, 
it was believed that the Lewis impact for this particular configuration was not going to be 
significant. However, the results obtained proved otherwise, and the acceleration mechanism is 
indeed as great as that for a non-equidiffusive flame in an unobstructed geometry.  
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Chapter 2: Flame Acceleration in Obstructed Channels 
Although FA in obstructed channels was oftentimes attributed to turbulence [4, 5], it is recalled 
that there exists a conceptually laminar mechanism of FA in obstructed pipes, with turbulence 
and shock waves playing only supplementary roles. This shockless mechanism was revealed by 
Bychkov et al [7-9], and Figure 2.6 shows a schematic of the geometry considered. Specifically, 
we have an obstructed tube or channel, filled with a premixture; one extreme (right) of the 
conduit is open while the other end (left) is kept closed. A flame embryo is ignited at the closed 
end, and it propagates towards the open one. The channel is free along the centerline, while the 
obstructions are nearby the walls and are represented by an array of thin, tightly-spaced obstacles 
resembling a tooth-brush or comb. Here ∆𝑧 is the spacing between the obstacles, and the 
obstacles height is 𝛼𝑅 such that if 𝑅 is a channel radius (half-width), then quantity 𝛼 is the 
blockage ratio. This is a key parameter of the problem, as it shows the fraction of the channel 
occupied by the obstacles. 
 
Figure 2.6 - Laminar mechanism of flame acceleration in a semi-open channel filled with obstacle [8] 
The Bychkov acceleration mechanism works as follows. Combustion generates a new volume, 
due to thermal expansion of the burning matter, such that flame propagation acts as a piston 
pushing a flow towards the fuel-air mixture. Some portion of this fresh mixture appears trapped 
in the “pockets” between the obstacles, while the flow near the centerline propagates freely and 
fast. This leads to a delay in the combustion of the mixture in the pockets, which invariably drifts 
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the flame, creating new pockets. This increased flow is forced towards the centerline of the 
channel, accelerating the flame downstream of the channel. Consequently, we have a positive 
feedback between the flame and the flow, promoting each other. Namely, a jet flow emerges and 
it drives FA. The velocity of this flame tip in the laboratory reference frame, 𝑈𝑡𝑖𝑝, obeys the 
formula [7] 
𝑈𝑡𝑖𝑝
𝑆𝐿
~Θ exp (
𝜎𝑡𝑆𝐿
𝑅
), 
(2.1) 
where 𝑆𝐿 is the unstretched laminar flame speed (if a flame front was planar, then it would 
propagate in the same medium with the velocity 𝑆𝐿 with respect to the fuel-air mixture) and 
Θ = 𝜌𝑢𝑛𝑏𝑢𝑟𝑛𝑡/𝜌𝑏𝑢𝑟𝑛𝑡 is the thermal expansion ratio.  
Equation (2.1) yields exponential FA, with an exponential acceleration rate σ. According to 
Ref. [7], the quantity σ is a function of the thermal expansion factor Θ and the blockage ratio 𝛼,  
𝜎 =
Θ − 1
1 − 𝛼
 , 
(2.2) 
but it does not depend on other parameters such as the obstacles spacing ∆𝑧 and the channel half-
width 𝑅. This makes the Bychkov mechanism Reynolds-independent and thereby employable to 
a variety of scales and applications, ranging from small micro tubes to large tunnels.  
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Figure 2.7 -A color snapshot from a numerical simulation of FA in a channel with thinly packed obstacles[9] 
The Bychkov theory of FA in such an obstructed configuration is presented above; see, for 
instance, Refs. [7,8] for more details. Once burning is completed in a pocket, the burnt gas exits 
the pocket with a flow speed |𝑢𝑥| = (Θ − 1)𝑆𝐿. This burnt matter adds new volume to the 
unobstructed region of the channel thereby causing a jet-flow that pushes a flame downstream, 
accelerating it. At the initial stage of acceleration, the gas mixture is assumed to be 
incompressible, thereby obeying the continuity equation in the form ∇ ∙ 𝒖 = 0. 
 With the geometry defined as the flame propagation from the closed end to the open end, 
the velocity at the closed end is 𝑢𝑧 = 0 considering that 𝑧 = 0 at the closed end. Hence the 
velocity distribution in the center region without obstacles for |𝑥| < (1 − 𝛼)𝑅 reads (see also 
[7,8]):  
𝑢𝑥 = −
(Θ−1)
(1−𝛼)
𝑆𝐿
𝑅
𝑥,                𝑢𝑧 =
(Θ−1)
(1−𝛼)
𝑆𝐿
𝑅
𝑧. (2.3) 
 
Indeed, the flame gains strength as it approaches the open end of the channel due to the fact that 
several pockets would have contributed to the jet flow. Then, the flame tip position 𝑍𝑓 obeys the 
equation  
𝑑𝑍𝑓
𝑑𝑡
= 𝑢𝑧(𝑍𝑓) + Θ𝑆𝐿 =
(Θ − 1)𝑆𝐿
(1 − 𝛼)𝑅
𝑍𝑓 + Θ𝑆𝐿 , 
(2.4)  
with the solution  
𝑍𝑓
(1 − 𝛼)𝑅
=
Θ
Θ − 1
[exp(𝜎𝑆𝐿𝑡 𝑅⁄ ) − 1]  
(2.5)  
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where the exponential factor is given by Eq. (2.2), 𝜎 = (Θ − 1)/(1 − 𝛼). Obviously, 𝛼 < 1 such 
that 𝜎 > 0. It is seen from Eqs. (2.2), (2.5) that both increases in the thermal expansion and the 
blockage ratio strongly amplify 𝜎 thereby promoting flame acceleration.  
 It is noted that the Bychkov theory and modelling [7-9] employed a conventional 
approach of equidiffusivity of a fuel-air mixture. This means that the Lewis number was unity  
𝐿𝑒 ≡ 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 𝑀𝑎𝑠𝑠 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦⁄  = 1. (2.6)  
While Eq. (2.6) is a classical, adoptable approach in theoretical works, the Lewis number may 
noticeably deviate from unity in the practical reality, which leads to intriguing effects such as the 
onset of diffusional-thermal instability (primarily, for 𝐿𝑒 < 1 flames) and flame thickening (for 
𝐿𝑒 < 1  flames). Consequently, there has been a critical need to identify and quantify the impacts 
of non-equidiffusivity (non-unity Le) on the flame dynamics in obstructed channels, and this 
question is addressed in the present work by means of comprehensive computational simulations.      
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Chapter 3: Methodology 
A fully-compressible, finite-volume Navier–Stokes solver available at Dr. Akkerman’s group at 
WVU served as the computational platform for the simulations performed. The code is 
formulated to solve the set of the hydrodynamic and combustion equations, including transport 
processes (diffusion, viscosity, and heat conduction) and an Arrhenius chemical kinetics. The 
numerical scheme is 2
nd
-order accurate in time, 4
th
-order in space for the convective terms, and 
2
nd
-order in space for the diffusive terms. The embryo of this code was originally developed at 
Volvo Aero, Sweden, and it has subsequently been updated, comprehensively, by the research 
groups of Chalmers University of Technology, Royal Institute of Technology, Uppsala and 
Umeå Universities in Sweden as well as Princeton University and West Virginia University in 
the U.S. The code is robust and accurate, having been successfully utilized in numerous aero-
acoustic and combustion applications. The computational time for each job run on the cluster is 
for about 300 hours, with post-processing efforts needed once a simulation is completed. The 
solver is adapted for parallel computations and available in the 2D versions (Cartesian and 
cylindrical axisymmetric ones) as well as a fully 3D Cartesian version, with a self-adaptive 
structured computational grid employed that makes the code perfect, in particular, for 
fundamental studies of flame hydrodynamics in combustors of high aspect ratios.  
The present thesis is limited to the 2D consideration. Then the basic equations are:  
 the continuity equation: 
𝜕𝜌
𝜕𝑡
+
𝜕
𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0, 
(3.1) 
 the momentum equation: 
𝜕
𝜕𝑡
(𝜌𝑢𝑖) +
𝜕
𝜕𝑥𝑖
(𝜌𝑢𝑖𝑢𝑗 + 𝑝𝛿𝑖𝑗 −  𝛾𝑖𝑗) = 0, 
(3.2) 
 the energy equation: 
𝜕
𝜕𝑡
(𝜌𝜀 +
1
2
𝜌𝑢𝑖𝑢𝑗) +
𝜕
𝜕𝑥𝑖
(𝜌𝑢𝑗𝐻 +
1
2
𝜌𝑢𝑖𝑢𝑖𝑢𝑗 + 𝑞𝑗 −  𝑢𝑖𝛾𝑖𝑗) = 0, 
(3.3) 
 and the species equation: 
𝜕
𝜕𝑡
(𝜌𝑌) +
𝜕
𝜕𝑥𝑖
(𝜌𝑢𝑖𝑌 −
ζ 
𝑆𝑐
𝜕𝑌
𝜕𝑥𝑖
) = −
𝜌𝑌
𝜏𝑅
exp (− 𝐸𝐴 𝑅𝑢𝑇)⁄ . 
(3.4) 
Equation (3.4) describes a single irreversible Arrhenius reaction of the first order, with activation 
energy 𝐸𝑎 and constant of time dimension 𝜏𝑅. In the set of equations above, the specific internal 
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energy 𝜀 and enthalpy ℎ are given by 𝜀 = 𝑄𝑌 + 𝐶𝑉𝑇 and ℎ = 𝑄𝑌 + 𝐶𝑃𝑇, where 𝑌 is the mass 
fraction of the fuel, 𝑇 is the temperature, 𝐶𝑉 and 𝐶𝑝 are specific heats and 𝑄 = 𝐶𝑃𝑇𝑓(Θ − 1) is 
the energy released in the reaction. The stress tensor 𝛾𝑖𝑗 and the energy diffusion vector 𝑞𝑖 are  
𝛾𝑖𝑗 = 𝜁 (
𝜕𝑢𝑖
𝜕𝑥𝑗
+
𝜕𝑢𝑗
𝜕𝑥𝑖
−
2
3
𝜕𝑢𝑘
𝜕𝑥𝑘
𝛿𝑖𝑗),           𝑞𝑖 = −𝜁 (
𝐶𝑃
𝑃𝑟
𝜕𝑇
𝜕𝑥𝑗
+
𝑄
𝑆𝑐
𝜕𝑌
𝜕𝑥𝑗
) , 
(3.5) 
where 𝜁 = 1.7 𝑥 10−5𝑘𝑔/𝑚 𝑠  is the dynamic viscosity in the fuel mixture and 𝑃𝑟 and 𝑆𝑐 are the 
Prandtl and Schmidt numbers, respectively. It is noted that their ratio provides the Lewis number 
𝐿𝑒 = 𝑆𝑐/𝑃𝑟 (compare to Eq. (2.6)) – the major parameter of the present work controlling non-
equidiffusivity; it has been varied in the range  0.2 ≤ 𝐿𝑒 ≤ 2.0. 𝑆𝑐 was varied while 𝑃𝑟 was held 
constant at 1.  
The initial fuel properties were taken as large as: temperature 𝑇𝑓 = 300𝐾, pressure 𝑃𝑓 =
1 bar, and density 𝜌𝑓 = 1.16𝑘𝑔/𝑚
3. The thermal expansion ratio was taken to be Θ = 8, with  
the laminar flame speed being 𝑆𝐿 = 34.7 𝑐𝑚 𝑠⁄ , which is 10
3 times less than the initial speed of 
sound 𝑐0 = 347 𝑚 𝑠⁄ , making the hydrodynamics to be almost incompressible at the initial stage 
of burning, with the conventional flame Mach number being 𝑀0 ≡ 𝑆𝐿 𝑐0 =⁄ 0.001 ≪ 1. The 
instantaneous flame tip Mach number, 𝑀𝑡𝑖𝑝 (𝑡), is introduced as the instantaneous flame tip 
velocity 𝑈𝑡𝑖𝑝(𝑡), scaled by the instantaneous speed of sound, 𝑐𝑡𝑖𝑝 (𝑡), 𝑀𝑡𝑖𝑝 ≡ 𝑈𝑡𝑖𝑝 𝑐𝑡𝑖𝑝⁄ . This 
parameter is found to be a very good measure of compressibility and also sheds light on the 
current stage of the DDT process. 𝑀𝑡𝑖𝑝 (𝑡) was used as a measure of how close the flame was to 
the onset of detonation, with 𝑀𝑡𝑖𝑝 ≪ 1 representing the initial, quasi-isobaric stage of burning 
and 𝑀𝑡𝑖𝑝 ≅ 1 associated with the detonation triggering. 
The flame thickness is conventionally defined as 𝐿𝑓 = 𝜈 𝑃𝑟𝑆𝐿⁄ = 4.22 x 10
−5m. The latter 
value is the natural scaling for the channel half-width 𝑅 such that we have the flame propagation 
Reynolds number in the form 𝑅𝑒 = 𝑅 𝑆𝐿 𝑣⁄ = 𝑅 𝑃𝑟𝐿𝑓⁄ = 𝑅 𝐿𝑓⁄ . Specifically, 𝑅𝑒 = 24, 36, 48 
was considered in this work. Obviously, the laminar flame speed 𝑆𝐿 constitutes a natural scaling 
to measure velocities, and in this light we intrinsically arrive to the scaled measure of time in the 
form 𝜏 = 𝑆𝐿𝑡 𝑅⁄ . It is recalled that our computational domain is set-up in such a manner such 
that a flame propagates in a long 2D channel of width 2𝑅, with fraction of the channel 𝛼 blocked 
by the obstacles (such that the obstacle length is 2𝑅𝛼), and with the obstacle spacing Δ𝑧; see 
Figures 2.6 and 2.7. Consequently, the other dimensionless parameters of the problem are the 
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scaled spacing Δ𝑧 𝑅⁄  (here I used Δ𝑍 𝑅⁄ = 0.25) and the blockage ratio 𝛼 (the cases 𝛼 = 1 3⁄ ,
1 2⁄ , 2 3⁄  were considered).  
The boundary conditions at the walls were: free-slip, i.e. wall friction is ignored, 𝒏 ∙ 𝒖 = 𝟎, 
with 𝒏 indicating the normal vector at a wall, and adiabatic, i.e. 𝒏 ∙ ∇T = 0. As for the extremes 
of the channel, a semi-open channel was chosen, with the closed left end, where the medium was 
initially at rest, and the open right extreme, where the absorbing (non-reflecting) boundary 
conditions are applied to prevent the reflection of shock waves from the open exit. Both the fuel-
air mixture and the burnt matter are assumed to be ideal gases of constant molecular weight 
𝑊𝑀 = 29 kg kmol⁄  such that the equation of state reads 𝑃 = 𝜌𝑅𝑢𝑇/𝑊𝑀, with the universal gas 
constant 𝑅𝑢 = 8.31 kJ kmol ∙ K⁄ . 
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Chapter 4: Results and Discussion 
Comprehensible computational simulations have been performed to identify the impacts of 𝐿𝑒, 𝛼 
and 𝑅𝑒 on the dynamics and morphology of accelerating flames in “tooth-brush”-like obstructed 
pipes as illustrated in Figures 2.6 and 2.7. The results are summarized and discussed below. 
4.1 Flame front snapshots 
To better visualize the FA mechanism in the obstructed geometry, color temperature snapshots 
showing the flame shape at the specified time instance are presented in Figure 4.8 and analyzed.  
 
Figure 4.8 - Temperature snapshot [from 300K in the fuel mixture (blue) to 2400K in the burnt matter] at the same time instant 
i.e. scaled time, τ=0.075 for Re=24 and various Le and α 
Figure 4.8 (a-i) shows the flame image for various 𝐿𝑒, 𝐿𝑒 = 0.2, 1.0, 2.0 and various 𝛼, 𝛼 =
1 3⁄ , 1 2⁄ , 2 3⁄  at the same scaled time instant, 𝜏 = 0.075 for the same Re, 𝑅𝑒 = 24 in all cases. 
For all these runs, the flame tip Mach number 𝑀𝑡𝑖𝑝 is also recorded and shown. Obviously, the 
blue color corresponds to the cold, fresh fuel mixture while the burnt matter is shown by red, and 
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the flame is between them. The impact of the Lewis number is evidently seen to be enormous 
and it shows to be as strong as that of blockage ratio. When the effect of blockage ratio is 
smallest and the flame is non-equidiffusive with 𝐿𝑒 > 1 as shown in Figure 4.8g, the flame 
experiences the slowest acceleration with a corresponding 𝑀𝑡𝑖𝑝 = 0.007. In contrast, when the 
blockage ratio is largest and 𝐿𝑒 > 1 (Figure 4.8c) the coupling of both effects causes the flame to 
accelerate rapidly and approach detonation, with a flame tip Mach number as high as 𝑀𝑡𝑖𝑝 = 0.6. 
In other cases of Figure 4.8, the effects of 𝛼 and 𝐿𝑒 compete such that what is observed is an 
almost equivalent flame in the “pairs” 4.8d and 4.8h; 4.8a and 4.8e; and even 4.8b and 4.8i, 
respectively. In these cases, both factors strive to influence the flame propagation and contribute 
to the similarity in the paired results.  
As a result, the very first figure, Figure 4.8, allows anticipating that the impact of Lewis 
number will be at least comparable to that of the major parameter characterizing flame 
propagation in obstructed tooth-brushed conduits – the blockage ratio 𝛼, which is scrutinized 
next in detail 
4.2. Effect of Lewis number on flame acceleration 
To evaluate the impact of Le, the time evolution of the scaled flame tip velocity 𝑈𝑡𝑖𝑝 𝑆𝐿⁄  has 
been analyzed for fixed flame Re, 𝑅𝑒 = 24, 36, 48 and fixed 𝛼, 𝛼 = 1 3⁄ , 1 2⁄ , 2 3⁄ . 
Specifically, Figures 4.9(a-c) compare the scaled flame tip velocities for various 𝐿𝑒 =
0.2, 1.0, 2.0 in each figure, with fixed α = 1/3, in Figure 4.9a, α = 1/2 in Figure 4.9b, and α = 2/3 
in Figure 4.9c; with fixed  𝑅𝑒 = 𝑅/𝐿𝑓 = 24 in all cases of Figure 4.9. Figures 4.10(a-c) are the 
complete counterparts of Figure 4.9(a-c), but for a wider channel, 𝑅𝑒 = 36. Eventually, Figures 
4.11(a-c) are the complete counterparts of Figures 4.9 and 4.10, but for an even wider channel, 
with 𝑅𝑒 = 48.  
It is seen from Figures 4.9–4.11 that the effect of Le is very strong indeed, especially for 
𝐿𝑒 < 1 flames. Indeed, in all nine plots, Figures 4.9(a-c)–4.11(a-c), a small Lewis number, 
𝐿𝑒 = 0.2, promotes  𝑈𝑡𝑖𝑝 almost by an order of magnitude as compared to the equidiffusive case, 
𝐿𝑒 = 1. This effect is devoted to the onset of the diffusional-thermal instability. As for 𝐿𝑒 > 1 
flames, here the effect is much weaker, but 𝐿𝑒 = 2.0, nevertheless, noticeably moderates FA as 
compared to the 𝐿𝑒 = 1 case. This, presumably, happens due to the flame thickening such that it 
becomes harder for a flame front to get corrugated in the same channel as for 𝐿𝑒 = 1.     
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Figure 4.9a - Scaled flame tip velocity as a function of scaled time for fixed Re=24 and α=1/3 
 
 
Figure 4.9b - Scaled flame tip velocity as a function of scaled time for fixed Re=24 and α=1/2 
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Figure 4.9c - Scaled flame tip velocity as a function of scaled time for fixed Re=24 and α=2/3 
 
 
Figure 4.10a - Scaled flame tip velocity as a function of scaled time for fixed Re=36 and α=1/3 
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Figure 4.10b - Scaled flame tip velocity as a function of scaled time for fixed Re=36 and α=1/2 
 
 
Figure 4.10c- Scaled flame tip velocity as a function of scaled time for fixed Re=36 and α=2/3 
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Figure 4.11a - Scaled flame tip velocity as a function of scaled time for fixed Re=48 and α=1/3 
 
 
Figure 4.11b - Scaled flame tip velocity as a function of scaled time for fixed Re=48 and α=1/2 
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Figure 4.11c - Scaled flame tip velocity as a function of scaled time for fixed Re=48 and α=2/3 
Figure 2–4.14 show the flame evolution by means of the temperature snapshots taken at the 
scaled time instants 𝜏 = 0.043 (𝑎), 0.063(𝑏), 0.078 (𝑐) – for 𝐿𝑒 = 0.2 in Figure 4.12, 
𝐿𝑒 = 1.0 in Figure 4.13 and 𝐿𝑒 = 2.0 in Figure 4.14. In all these cases of Figures 4.12–4.14, the 
same (wide) channel, 𝑅𝑒 = 48, and the same (high) blockage ratio, α = 2/3 was employed. It is 
seen that flames propagate in the fastest manner in the case of lowest Lewis number, 𝐿𝑒 = 0.2, 
which is devoted to the diffusional-thermal instability of non-equidiffusive (𝐿𝑒 < 1) flames. 
Indeed, the 𝐿𝑒 = 0.2 flame appears to be dramatically unstable and its shape is drastically fold; 
at 𝜏 = 0.078 it has propagated almost 15 times faster than the respective equidiffusive (𝐿𝑒 = 1) 
flame. The effect of 𝐿𝑒 > 1 is smaller: The flame evolutions (the color snapshots) of Figures 
4.13 and 4.14 are qualitatively similar, though – quantitatively – the Le = 2.0 flame in Figure 
4.14 propagates slower than the equidiffusive flame in Figure 4.13.    
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Figure 4.12-Temperature profiles for flames with Re=48, α=2/3 and Le=0.2 for various scaled times τ=0.043(a) 0.063(b) 
0.078(c) 
 
 
Figure 4.13-Temperature profiles for flames with Re=48, α=2/3 and Le=1.0 for various scaled times τ=0.043(a) 0.063(b) 
0.078(c) 
 
24 
 
 
Figure 4.14-Temperature profiles for flames with Re=48, α=2/3 and Le=2.0 for various scaled times τ=0.043(a) 0.063(b) 
0.078(c) 
4.3. Effect of Lewis number on the α-dependence of flame acceleration 
Since the time of Ref. [7] it is known that the blockage ratio α is a key parameter influencing FA. 
However, it is recalled that Refs. [7-9] were limited to equidiffusive flames. Consequently, there 
is a fundamental interest to clarify if the Le-variations may influence the α-dependence of FA 
and how. This question is addressed here. Figures 4.15–4.17 compare the role of blockage ratio 
at various Le and Re. Specifically, Figures 4.15 (a-c) compare the scaled flame tip velocities for 
various α = 1/3, 1/2, 2/3 in each figure, with fixed 𝐿𝑒 = 0.2 in Figure 4.15a, 𝐿𝑒 = 1.0 in Figure 
4.15b, and 𝐿𝑒 = 2.0 in Figure 4.15c; with fixed 𝑅𝑒 = 24 in all cases of Figure 4.15. Figures 
4.16(a-c) constitute the complete counterparts of Figure 4.15(a-c), but for a wider channel, 
𝑅𝑒 = 36. Eventually, Figures 4.17(a-c) are the complete counterparts of Figures 4.15 and 4.16, 
but for even wider channel, 𝑅𝑒 = 48. In this respect, Figures 4.15–4.17 actually reproduce the 
analysis of Figures 4.9–4.11, but for α instead of Le.  
It is seen from Figures 4.15–4.17 that the α-dependence of FA is significant. This is however 
not the original result but known from the previous studies [7-9]. A novel outcome here is a fact 
that Le-variations do modify the α-dependence substantially. Well, the α-dependence of FA does 
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not change the sign due to Le, but there is a noticeably quantitative effect such that the α-
dependence is stronger for 𝐿𝑒 < 1 combustion. At the same time, the difference in α-dependence 
for 𝐿𝑒 = 1 flames and 𝐿𝑒 = 2 is relatively minor. 
 
Figure 4.15a - Scaled flame tip velocity as a function of scaled time for fixed Re=24 and Le=0.2 
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Figure 4.15b - Scaled flame tip velocity as a function of scaled time for fixed Re=24 and Le=1.0 
 
 
Figure 4.15c - Scaled flame tip velocity as a function of scaled time for fixed Re=24 and Le=2.0 
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Figure 4.16a - Scaled flame tip velocity as a function of scaled time for fixed Re=36 and Le=0.2 
 
 
Figure 4.16b - Scaled flame tip velocity as a function of scaled time for fixed Re=36 and Le=1.0 
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Figure 4.16c - Scaled flame tip velocity as a function of scaled time for fixed Re=36 and Le=2.0 
 
 
Figure 4.17a - Scaled flame tip velocity as a function of scaled time for fixed Re=48 and Le=0.2 
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Figure 4.17b - Scaled flame tip velocity as a function of scaled time for fixed Re=48 and Le=1.0 
 
 
Figure 4.17c - Scaled flame tip velocity as a function of scaled time for fixed Re=48 and Le=2.0 
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Similar to the analysis performed by means of color snapshots at Figures 4.12–4.14, it was also 
studied that the α-dependence of the flame evolution with the help of color temperature 
snapshots in Figures 4.18–4.20. Here, in all three figures, the snapshots are taken at the scaled 
time instants 𝜏 = 0.046 (𝑎), 0.066(𝑏), 0.079 (𝑐) – for α = 1/3 in Figure 4.18, α = 1/2 in 
Figure 4.19, and α = 2/3 in Figure 4.20. In all these cases of Figures 4.18–4.20, the channel of 
width 𝑅 = 36 and the same equidiffusive flame (𝐿𝑒 = 1) was employed. Obviously, the 
snapshots of Figure 4.20, which is associated with the largest blockage ratio, α = 2/3, shows the 
fastest flame evolution. Nevertheless, it is noted that the results are not as significant as that of 
varied Le number, which is in line with the statement that the Lewis effect is stronger than that of 
the blockage ratio.  
 
Figure 4.18 - Temperature profile of flames with Re=36, Le=1.0 and α=1/3 for various scaled times τ=0.046(a), 0.066(b), 
0.079(c) 
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Figure 4.19 - Temperature profile of flames with Re=36, Le=1.0 and α=1/2 for various scaled times τ=0.046(a), 0.066(b), 
0.079(c) 
 
Figure 4.20 - Temperature profile of flames with Re=36, Le=1.0 and α=2/3 for various scaled times τ=0.046(a), 0.066(b), 
0.079(c) 
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4.4. The effect of Lewis number on the Re-dependence of flame acceleration 
Finally, while the theory [7] yields that the Bychkov acceleration mechanism is Re-independent, 
some Re-dependence may actually occur in the practical reality. Moreover, Le-variations may 
potentially impact such a Re-dependence. This question is also addressed in the present work by 
means of the plots in Figures 4.21-4.23 and the color snapshots of the flame evolution in Figures 
4.24-4.26. Specifically, Figures 4.21(a-c) compare the scaled flame tip velocities for various 
𝑅𝑒 = 24, 36, 48 in each figure, with fixed 𝐿𝑒 = 0.2 in Figure 4.21a, 𝐿𝑒 = 1 in Figure 4.21b, and 
𝐿𝑒 = 2 in Figure 4.21c; with  fixed 𝛼 = 1/3 in all cases of Figure 4.21. Figures 4.22(a-c) are the 
counterparts of Figure 4.21(a-c), but for a larger blockage ratio, 𝛼 = 1/2. Eventually, Figures 
4.23(a-c) are the complete counterparts of Figures 4.21 and 4.22, but for largest blockage ratio 
considered, 𝛼 = 2/3.  
 
 
Figure 4.21a - Scaled flame tip velocity as a function of scaled time for fixed α =1/3 and Le=0.2 
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Figure 4.21b - Scaled flame tip velocity as a function of scaled time for fixed α =1/3 and Le=1.0 
 
 
Figure 4.21c - Scaled flame tip velocity as a function of scaled time for fixed α =1/3 and Le=2.0 
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Figure 4.22a - Scaled flame tip velocity as a function of scaled time for fixed α =1/2 and Le=0.2 
 
 
Figure 4.22b - Scaled flame tip velocity as a function of scaled time for fixed α =1/2 and Le=1.0 
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Figure 4.22c - Scaled flame tip velocity as a function of scaled time for fixed α =1/2 and Le=2.0 
 
 
Figure 4.23a - Scaled flame tip velocity as a function of scaled time for fixed α =2/3 and Le=0.2 
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Figure 4.23b - Scaled flame tip velocity as a function of scaled time for fixed α =2/3 and Le=1.0 
 
 
Figure 4.23c - Scaled flame tip velocity as a function of scaled time for fixed α =2/3 and Le=2.0 
. 
0
5
10
15
20
25
30
35
40
45
50
0.00 0.02 0.04 0.06 0.08
α=2/3, Le=1.0 
Re=24
Re=36
Re=48
𝑼
𝒕𝒊
𝒑
/𝑺
𝑳
 
𝑺𝑳𝒕/𝑹 
0
5
10
15
20
25
30
35
40
0.00 0.02 0.04 0.06 0.08
α=2/3, Le=2.0 
Re=24
Re=36
Re=48
𝑼
𝒕𝒊
𝒑
/𝑺
𝑳
 
𝑺𝑳𝒕/𝑹 
37 
 
It is seen that the impact of Re is actually minor as all the curves for 𝑅𝑒 = 24, 36, 48 go close in 
all nine cases. This supports the Bychkov formulation [7] predicting Re-independent FA, see 
Eqs. (2.1), (2.2), and (2.5). On the other hand, Figures 4.21c, 4.22c and 4.23c (for 𝐿𝑒 = 2) show 
a very intriguing result: though the Re-dependence is quite weak, the impact of 𝐿𝑒 may change 
it, up to the opposite trend. Indeed, while FA weakens with Re for the 𝐿𝑒 ≤ 1 flames, Figures 
4.21(a,b), 4.22(a,b), and 4.23 (a,b); it however gets promoted with Re in the 𝐿𝑒 > 1 case, see 
Figures 4.21c, 4.22c and 4.23c. In this light, we can potentially look for a certain threshold Le 
that would correspond to the change of the trend and thus provide the complete Re-
independence.  
A similar result about the impact of the flame Reynolds number on the flame propagation in 
obstructed pipes came from the snapshots of Figures 4.24–4.26. Here, in all these figures, the 
snapshots are taken at the scaled time instants 𝜏 = 0.046 (𝑎), 0.062(𝑏), 0.078 (𝑐) – for 
𝑅𝑒 = 24 in Figure 4.24, 𝑅𝑒 = 36 in Figure 4.25, and 𝑅𝑒 = 48 in Figure 4.26. In all these cases 
of Figures 4.24-4.26, I employed the same blockage ratio, α = 1/3, and the same non-
equidiffusive flame, 𝐿𝑒 = 0.2. It is seen that an increase in 𝑅𝑒 moderates FA. When 𝑅𝑒 = 24, 
Figure 4.24, the flame has propagated through about 3R, with only 2R for  𝑅𝑒 = 48, Figure 4.26 
– for the same scaled time instant.  
 
Figure 4.24 - Temperature profile of flame with Le=0.2, α=1/3 and Re=24, for various scaled times τ=0.046(a) 0.062(b) 
0.078(c) 
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Figure 4.25 - Temperature profile of flame with Le=0.2, α=1/3 and Re=36, for various scaled times τ=0.046(a) 0.062(b) 
0.078(c) 
 
Figure 4.26 - Temperature profile of flame with Le=0.2, α =1/3 and Re=48, for various scaled times τ=0.046(a) 0.062(b) 
0.078(c) 
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4.5. Exponential Acceleration Rate 
Finally, I have investigated all the acceleration trends observed, and when acceleration exhibited 
an exponential trend, then the exponential acceleration rate was calculated. The result is plotted 
versus Le in Figure 4.27 – for 𝑅𝑒 = 24, 36, 48 in Figures 4.27(a-c), respectively, and for various 
𝛼 = 1 3⁄ , 1 2⁄ , 2 3⁄  in each figure. As expected, the acceleration rate 𝜎 appeared largest for the 
non-equidiffusive cases of 𝐿𝑒 < 1. More specifically, the exponential acceleration trend was 
seen for 𝐿𝑒 = 0.2 only for the low 𝛼 cases i.e only 𝛼 = 1 3⁄ , 1 2⁄ . The absence of this trend in 
the 𝛼 = 2 3⁄  case is attributed to a strong competition between the Le and α effect in that 
scenario. 
 
Figure 4.27a – The exponential acceleration rate vs the Lewis number for fixed Re=24 
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Figure 4.27b – The exponential acceleration rate vs the Lewis number for fixed Re=36 
 
 
Figure 4.27c –The exponential acceleration rate vs the Lewis number for fixed Re=48 
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Chapter 5: Conclusions 
Thorough investigation has been performed, computationally, non-equidiffusive FA in 
obstructed channels and found a profound impact of Le on FA. This effect was compared to that 
of 𝛼 and found to be just as strong. The non-equidiffusive scenarios involve non-unity Le, such 
that in the case of Le < 1 a promotion of the flame acceleration was discovered. It was also found 
that Le influences the 𝛼-dependence. Conversely, a moderation of FA was observed for Le>1 
flames. In addition, a unique trend was noticed for the Le impact on Re. Indeed, Le may change 
the Re-dependence of FA to the opposite trend. These results prove to be instrumental in the 
understanding of flame moderation techniques in coal mines, or acceleration promotion in novel 
combustion technologies.  
 
Figure 5.28 - Scaled flame tip position as a function of scaled time, for various α=1/3, 1,2, 2/3 and Le=0.2, 1.0, 2.0 
Figure 5.28 shows the scaled flame tip position versus the scaled time, for the specified range of 
blockage ratios and Lewis numbers. This plot closely resembles the work of Bychkov et al [7], 
for an equidiffusive flame analysis. In this figure, each color set is devoted to a separate Lewis 
number and the different line styles represent various blockage ratios. It can be noticed that for 
the same Lewis number, the plots tend to collapse into a single curve. This shows a unified role 
of Le in this flame acceleration mechanism. This was also observed in the Bychkov model, 
helping to substantiate the accuracy of the results in this present analysis.  
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